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Description 

SYSTEM AND METHOD FOR ATTITUDE 
CONTROL AND STATION KEEPING 

Cross Reference to Related Applications 

[0001] This application claims the benefit of U.S. Provisional Ap- 
plication No. 60/320,268, filed June 13, 2003. 
Background of Invention 

Field of The Invention 

[0002] [0002] The present invention generally relates to the gen- 
eral field of propulsion and thrust generation in the low- 
gravity (orbital) and zero-gravity environments of outer 
space. More particularly, this invention relates to a system 
and method for supplying thrust to a satellite or space- 
craft for the purpose of performing station keeping and 

attitude control maneuvers. 
Description of The Related Art 

[0003] [00037 The capabilities for station keeping and attitude 
control are of critical importance in nearly all orbital and 



space-flight systems. Station l<eeping involves maintain- 
ing a desired orbit and/or orientation, despite the influ- 
ence of forces such as inhomogeneous gravity fields, mi- 
crometeorite impacts, and electromagnetic forces. 
Geosynchronous satellites are an excellent example of 
station keeping, where their position and alignment are 
essential to provide uninterrupted service to terrestrial 
customers. Attitude control generally refers to the control 
of spacecrafts, such as vessels or ships for transporting 
humans and cargo, which need to perform maneuvers for 
various activities such as docking, surveillance, repair or 
maintenance work, scientific experiments, and re-entry 
positioning, to name just a few. The ability to provide sta- 
tion keeping and attitude control is therefore seen as an 
essential element of spaceflight. Such systems may be re- 
quired to be low-cost, reliable, easily maintained, effi- 
cient, fast, environmentally-friendly, and flexible in their 
design, depending upon the specific mission requirements 
demanded of them. 
[0004] [00047 The current state of the art in orbital transfers and 
station keeping involve reaction rockets using a variety of 
fuels, either chemical (liquid, gaseous, or solid fuel), ther- 
mal rockets, or electromagnetic accelerating devices (ion 



thrusters, magnetohydrodynamics). Chemically-fueled 
rockets require that fuel be brought along, and this limits 
the performance of the rocket through the rocket equa- 
tion. 

[0005] AV = -g ■\n(MJM^ 

[0006] where AV is the velocity change given the specific impulse 
of the rocket motor (I ), the gravitational constant (g), 

sp 

and the logarithm of the ratio of weights before (M ) and 

o 

after (M^ the burn. Chemical rockets, typically those used 
for attitude control, may include hazardous chemicals, 
such as hydrazine, which are highly toxic, and require 
particular care in fueling, maintenance, and decommis- 
sioning. Chemical rockets can be refuelable, though such 
fuels must typically be produced from terrestrial-based 
manufacturing facilities. Launching the necessary replace- 
ment fuel is quite expensive. Chemical rockets also pro- 
duce various byproducts, depending on the chemical re- 
action used to generate the force. These byproducts may 
be detrimental to the operation of a space vehicle, pro- 
ducing heat, dust, gas, or residues. Chemical rockets also 
typically involve a number of moving parts and control 
circuitry which influences their complexity and component 
count, thereby negatively impacting reliability. 



[0007] [00057 Thermal rockets typically rely on a heat source to 
impart a high velocity to gaseous atoms, which are di- 
rected out a nozzle to generate thrust. A common source 
of heat is a radioactive isotope, such as strontium. The 
environmental consequences of a failed launch or a satel- 
lite reentry may be unacceptably dangerous. The gaseous 
atoms are also typically a substance which may be abun- 
dant on Earth but rare in space, therefore requiring the 
expense of launching replacement fuel. 

[0008] [0006] Electromagnetically accelerated rockets, such as the 
electrostatic ion engine, typically use some gaseous fuel 
which is ionized and then accelerated to produce thrust. 
Engines of this type are efficient, however, their specific 
impulse is generally quite low and they are therefore of 
limited use in space mission applications. More powerful 
methods of electromagnetic rocket engines have been 
proposed, however, these are more typically aimed at 
providing main thrust and not necessarily station keeping 
or attitude control. 

[0009] [0007] In view of the above, existing methods of station 
keeping and attitude control suffer from a variety of 
drawbacks. It would therefore be desirable if improved 
performance of station keeping and attitude control sys- 



tern could be achieved with the convenience of freedom 

from terrestrial fuel sources and simple refueling using 

materials commonly found in space environments. 
Summary of Invention 

[0010] [00087 The present invention provides a system and 

method for supplying thrust to a structure in a low-gravity 
(orbital) or zero-gravity environment, such as a satellite or 
spacecraft, for the purpose of station keeping or attitude 
control of the structure. 

[0011] [0009]The system comprises means for emitting energy 
beams and targets impacted by the energy beams to 
cause ablation of the targets. The emitting means and tar- 
gets are adapted to cooperate and cause the structure to 
undergo translational and/or rotational motion in reaction 
to the motion of material ablated from the targets. 

[0012] [0010] In view of the above, the method of this invention 
involves controlling at least one of the position, align- 
ment, and attitude of a structure in a zero or low-gravity 
environment by emitting energy beams at targets so that 
the energy beams impact the targets and cause ablation 
of the targets, and so that the structure undergoes trans- 
lational and/or rotational motion in reaction to the motion 
of the material ablated from the targets. 



[0013] [0011] A significant advantage of this invention is tlie abil- 
ity to generate appreciable levels of thrust without the use 
of fuels that are available only from terrestrial sources. In- 
stead the targets, which effectively serve as the fuel for 
the system, can be formed of materials available from 
nonterrestrial sources, including the operating environ- 
ments of satellites and spacecraft. In addition, the targets 
can be formed of nonhazardous materials, thereby avoid- 
ing the risks involved with the use of chemical and ther- 
mal rockets. A variety of configurations are possible that 
provide great flexibility in system design, and allow the 
mission planner to optimize various performance and reli- 
ability metrics for their particular objectives. As such, an 
additional advantage of the invention is the capability of 
achieving improved performance in station keeping and 
attitude control of satellites and spacecrafts. 

[0014] [0012] Other objects and advantages of this invention will 
be better appreciated from the following detailed descrip- 
tion. 

Brief Description of Drawings 

[0015] [0013] Figure 1 represents a structure, such as a satellite 
or spacecraft, equipped with a thruster system adapted to 
impart momentum to the structure in a low or zero- 



gravity environment in accordance witli an embodiment of 
this invention. 

[0016] [0014] Figure 2 represents a technique for imparting a ro- 
tational force by using partially-balanced thrusters in ac- 
cordance with an embodiment of this invention. 

[0017] [0015] Figure 3 represents a technique for imparting a 

translational force by using partially-balanced thrusters in 
accordance with an embodiment of this invention. 

[0018] [0016] Figure 4 represents a technique for producing both 
rotational and translational forces by generating partially 
and mutually-balanced thrusts in accordance with an em- 
bodiment of this invention. 

[0019] [0017] Figure 5 represents a fully three-dimensional 

thruster system using partially and mutually-balanced 
thrusters in accordance with an embodiment of this in- 
vention. 

[0020] [0018] Figure 6 represents an alternative configuration for 
a fully three-dimensional thruster system using targets 
situated so that ablated byproducts are ejected away from 
the structure. 

[0021] [0019] Figure 7 represents another alternate configuration 
for a fully three-dimensional thruster system using tar- 
gets positioned to provide large moment arms and direct 



ablated byproducts away from the structure. 

[0022] [0020] Figure 8 schematically represents a control system 
for thruster systems of the invention. 

[0023] [002i7 Figures 9, 10 and 11 represent three shutter sys- 
tems suitable for use with any of the embodiments of Fig- 
ures 1 through 7. 
Detailed Description 

[0024] [00227 General concepts of the invention are represented in 
Figure 1, which depicts a technique for imparting momen- 
tum to a space structure 10, such as a satellite or space- 
craft, with solid-state thruster units 12. Each thruster unit 
12 comprises an energy source 14 that generates and 
aims a high-energy beam 18 at a target 6. The energy 
sources 14 may be, for example, guns that generate laser 
or electron beams. Each target 16 is formed of a solid 
material capable of being sputtered, vaporized or other- 
wise ablated by the beam 18 impacting the target 16. For 
example, suitable targets materials for use with a laser 
beam include opaque materials such as metals and many 
types of minerals and ceramics, and suitable targets ma- 
terials for use with an electron beam include electrically- 
conductive substances such as metals and semiconduc- 
tors. The energy sources 14 and targets 16 can be rigidly 



attached to the structure 10 or interconnected with the 
structure 10, such as with braces 20 as depicted in Figure 
1. Alternatively, the energy sources 14 may be moveably 
mounted to the structure 10 or braces 20 for their protec- 
tion and improved control. Each energy source 14 directs 
its energy beam 18 at one of the targets 16, which in turn 
is ablated by the beam 18 to generate what is termed 
herein a byproduct 22. The byproducts 22 ablated from 
the targets 16 carry a momentum, and by Newton's sec- 
ond law, a reaction force 24 is applied to the remainder of 
each target 16. 

[0025] [00237 The targets 16 are represented in Figure 1 as curved 
or saucer-shaped and deflecting the byproduct 22 gener- 
ally in a direction back toward their respective energy 
sources 14. Specifically, some of the arrows representing 
the trajectory of the byproduct 22 are directed along the 
path of the beam 18 toward the source 14 of the beam 
18, while other arrows spread radially outward depicting a 
scattering of the byproduct 22 away from the source 14. 
While the former is more efficient in terms of energy con- 
sumed versus the magnitude of the force applied to in- 
duce motion of the structure 10, a drawback is the ten- 
dency for the byproduct 22 to collect on the beam open- 



ings of the energy sources 14. To minimize or prevent 
buildup of byproducts 22 on tlie beam openings, the en- 
ergy sources 14 can be equipped with shutters of a type 
l<nown in the art. Examples of suitable shutter systems are 
represented in Figures 9, 10 and 11, which depict, re- 
spectively, a moveable shutter plate 46, a rotating shutter 
disk 48, and a stationary shutter plate 50 in combination 
with a movable energy source 14. Also, the targets 16 can 
be shaped or the energy sources 14 operated to increase 
or decrease the relative amounts of byproduct 22 de- 
flected toward and away from the sources 14. Various 
other configurations are also possible for the targets 16. 
For example, some or all of the targets 16 could be in the 
form of consumable bars, such as long rods of material, 
the outer ends of which are ablated by the beams 18. Tar- 
gets 16 of this type may require accurate pointing of the 
beam as the rod is consumed. One advantage of this type 
of target is the ease of replacement, since a bar can be af- 
fixed at one end through a simple mechanism (not 
shown). A further advantage for rod-shaped targets to- 
gether with a means for accurately pointing the beam 18 
is that minimal or no damage to the structure 10 occurs 
when the target 16 is missing or fully consumed. Alterna- 



lively, the targets 16 could be shaped and arranged much 
like the blades of a pinwheel. In such a configuration, the 
byproducts 20 would be thrown radially outward at an an- 
gle from the center of mass of the structure, with the ef- 
fect of stabilizing the structure 10 by causing it rotate, 
much like a flywheel. 
[0026] [0024] Figure 2 represents the arrangement of thruster 

units 12 in Figure 1 as cooperating to impart a rotational 
force on the space structure 10 as a result of the arrange- 
ment of the thruster units 12 being only partially bal- 
anced. In reference to the coordinate system chosen to il- 
lustrate the invention, the structure 10 can be seen to ro- 
tate about an axis normal to the x-y plane and coinciding 
with the center of mass of the structure 10. Rotation is the 
result of the reaction forces 24 being substantially parallel 
but not collinear, and acting in substantially opposite di- 
rections, forming what is termed a couple. The reaction 
forces 24 are preferably equal in magnitude and their 
lines of action (represented as coinciding with the 
beams 18) are preferably equidistant from the center of 
mass of the structure 10. As a result, the x-components 
of the reaction forces 24 balance each other while their y- 
components act in equal but opposite directions at dis- 



tances (moment arms) from the center of mass of the 
structure 10 to cause rotation of the structure 10 about 
its center of mass. 

[0027] [0025] By adding or repositioning a thruster unit 12 as 

represented in Figure 3, a translational force can be selec- 
tively generated, shown here as occurring in the x direc- 
tion. As with Figure 2, the reaction forces 24 in Figure 3 
are preferably equal in magnitude, with their lines of ac- 
tion represented as coinciding with the beamslS. How- 
ever, the reaction forces 24 are not parallel, but instead 
are oriented equiangularly from the x-axis through the 
center of mass of the structure 10. As a result, the y- 
components of the reaction forces 24 balance each other 
while their x-components combine to cause translation of 
the structure 10. 

[0028] [0026] From Figures 2 and 3, it is evident that both rota- 
tional and translational forces can be generated by par- 
tially and mutually-balanced thruster units 12. Such a 
configuration in a two-dimensional form is represented in 
Figure 4, in which energy sources 14 are shown as being 
mounted on the structure 10 and two of its braces 20, 
with energy beams 18 being directed at targets 16 located 
at the extremities of the braces 20. With this arrangement. 



rotation can be imparted in eitlier direction about tlie axis 
normal to the x-y plane and coinciding with the center of 
mass of the structure 10, and translation can be imparted 
in the positive and negative x and y directions, including 
combinations thereof. 
[0029] [0027] Figure 5 represents a fully three-dimensional 

thruster system achieved by adding two additional braces 
20 extending in the positive and negative z-directions of 
the represented coordinate system, and equipping the 
structure 10 with additional energy sources 14 and tar- 
gets 16 arranged to produce reaction forces acting in the 
y-z plane. As a result, the thruster system provides the 
structure 10 with six independent degrees of freedom - 
translation along each of the x, y and z axes, and rotation 
about each of the x, y and z axes. In Figure 5, sixteen en- 
ergy sources 14 are shown as being used, though twelve 
sources 14 could be used and still achieve full maneuver- 
ing capabilities. For example, the energy sources 14 
mounted to the z-axis braces 20 could be eliminated 
while still achieving translation in the y-axis through the 
operation of the energy sources 14 mounted to the x-axis 
braces 20. 

[0030] [0028] Figure 6 represents an alternative configuration to 



Figure 5, in which the energy sources 14 are moved to the 
extremities of the braces 20 and the targets 16 are 
mounted to the structure 10. An advantage to this config- 
uration is that the ablated byproducts 22 are ejected away 
from the structure 10. Figure 7 represents another alter- 
nate configuration that places both the energy sources 14 
and their targets 16 on the braces 20. The embodiment of 
Figure 7 provides larger moment arms than what is shown 
in Figure 6, while also having the advantage of ensuring 
that ablated byproducts 22 are generated some distance 
from the structure 10 and are ejected in directions away 
from the structure 10. 
[0031] [0029] The structures 10 depicted in the Figures are 

schematically represented for illustrative purposes only. 
The braces 20 that provide the required spacing between 
the energy sources 14, targets 16, and the structure 10 
could be incorporated into or constitute parts of other 
systems integrated with the structure 10. For example, 
the structure 10 may utilize solar panels or antenna that 
could provide the needed spatial configuration for the 
sources 14 and their targets 16. Doing so would involve 
appropriately placing the sources 14 and targets 16 to 
provide the desired six independent degrees of freedom. 



Furthermore, while a set number of thruster units 12 are 
depicted in the Figures, the structure 10 could be 
equipped with essentially any number of thruster units 12, 
some of which might comprise a single energy source 14 
and multiple targets 16 at which the source 14 can be se- 
lectively aimed. 

[0032] [00307 A control system 26 for the thruster systems of this 
invention is schematically represented in Figure 8. The 
control system 26 includes control electronics 28 that 
controls the aiming and firing of the thruster units 12. 
The control electronics 28 is preferably adapted to receive 
various inputs, such as information 30 regarding the de- 
sired thrust from the thruster units 12 and the desired 
position and alignment (station-keeping for a satellite) or 
attitude (for a spacecraft) of the structure 10. The control 
electronics 28 is also preferably adapted to receive inputs 
from devices 32 such as sensors and cameras that moni- 
tor the position-alignment-attitude of the structure 10 
and the condition of the other equipment on the structure 
10. The control electronics 26 delivers control signals to 
various devices, such as devices 34 for aiming the energy 
sources 14, devices 36 for controlling the timing the firing 
of the energy sources 14, and devices 38 for controlling 



the shutters (if present) over the beam openings of the 
energy sources 14 to prevent buildup of byproducts 22 on 
the beam openings. The timing and aiming of the individ- 
ual energy sources 14 can be used to compute a net ap- 
plied thrust 40 to the structure 10, which in combination 
with an inertial navigation unit 42 and a learning control 
system 44 defines a feedback loop for the control elec- 
tronics 28 that improves the precision of the attitude and 
station-keeping capabilities of the invention. In particular, 
the learning control system 44 monitors the movement of 
the structure 10 resulting from the operation (aiming, fir- 
ing and timing) of the energy sources 14, and with an 
adaptive learning algorithm adjusts the power/time pa- 
rameters of the energy sources 14 in a self-learning man- 
ner to optimize the control of the structure 10. 
[0033] [0031] The length of the braces 20 in combination with the 
forces applied to them may cause the braces 20 to flex or 
vibrate. Under certain conditions it may be possible to ex- 
cite the braces 20 into resonance. While vibrations may 
not be of concern in some applications, vibrational mo- 
ments are preferably accounted for and adaptive. For ex- 
ample, the control system 26 may include means for flex- 
ing the braces 20 in order to alter the rigidity of the 



braces 20 and thereby counteract or suppress induced vi- 
brations. A furtlier means may include adjusting tlie duty 
cycle, or on/off sequence, of the beams 18 to avoid sym- 
pathetic resonance in the braces 20. 

[0034] [0032] In view of the above, the present invention provides 
the capability of achieving improved performance in sta- 
tion keeping and attitude control of satellites and space- 
crafts in low-gravity (orbital) and zero-gravity environ- 
ments. The system and method make use of thrust- 
generating units that can be entirely made up of solid- 
state components that are self-contained with the satellite 
or spacecraft being maneuvered. Thrust is provided by the 
forceful ablation with a laser, electron or particle beam 18 
of targets 16 that can be formed of essentially any mate- 
rial, and therefore can be readily replaced to making refu- 
eling simple and inexpensive. Several methods of posi- 
tioning, alignment and attitude control are possible, 
bringing a wide range of benefits and tradeoffs in the de- 
sign considerations of the entire system. 

[0035] [00337 While the invention has been described in terms of a 
preferred embodiment, it is apparent that other forms 
could be adopted by one skilled in the art. Therefore, the 
scope of the invention is to be limited only by the follow- 



ing claims. 



